Dopamine D2 receptors (D2Rs) are of crucial importance in the striatal processing of motor information received from the cortex. Disruption of the D2R gene function in mice results in a severe locomotor impairment. This phenotype has analogies with Parkinson's disease symptoms. D2R-null mice were used to investigate the role of this receptor in the generation of striatal synaptic plasticity. Tetanic stimulation of corticostriatal fibers produced long-term depression (LTD) of EPSPs in slices from wild-type (WT) mice. Strikingly, recordings from D2R-null mice showed the converse: long-term potentiation (LTP). This LTP, unlike LTD, was blocked by an NMDA receptor antagonist. In magnesium-free medium, LTP was also revealed in WT mice and found to be enhanced by L-sulpiride, a D2R antagonist, whereas it was reversed into LTD by LY 17555, a D2R agonist. In D2R-null mice this modulation was lost. Thus, our study indicates that D2Rs play a key role in mechanisms underlying the direction of long-term changes in synaptic efficacy in the striatum. It also shows that an imbalance between D2R and NMDA receptor activity induces altered synaptic plasticity at corticostriatal synapses. This abnormal synaptic plasticity might cause the movement disorders observed in Parkinson's disease.
Dopamine D2 receptors (D2Rs) are of crucial importance in the striatal processing of motor information received from the cortex. Disruption of the D2R gene function in mice results in a severe locomotor impairment. This phenotype has analogies with Parkinson's disease symptoms. D2R-null mice were used to investigate the role of this receptor in the generation of striatal synaptic plasticity. Tetanic stimulation of corticostriatal fibers produced long-term depression (LTD) of EPSPs in slices from wild-type (WT) mice. Strikingly, recordings from D2R-null mice showed the converse: long-term potentiation (LTP). This LTP, unlike LTD, was blocked by an NMDA receptor antagonist. In magnesium-free medium, LTP was also revealed in WT mice and found to be enhanced by L-sulpiride, a D2R antagonist, whereas it was reversed into LTD by LY 17555, a D2R agonist. In D2R-null mice this modulation was lost. Thus, our study indicates that D2Rs play a key role in mechanisms underlying the direction of long-term changes in synaptic efficacy in the striatum. It also shows that an imbalance between D2R and NMDA receptor activity induces altered synaptic plasticity at corticostriatal synapses. This abnormal synaptic plasticity might cause the movement disorders observed in Parkinson's disease.
Key words: LTD; LTP; synaptic plasticity; striatum; dopamine; NMDA; dopamine D2 receptor; D2 receptor knock-out mice Dopamine receptors play a pivotal role in the pathophysiology and treatment of Parkinson's disease and schizophrenia (Albin et al., 1989; Starr, 1995) . Among the different dopaminergic pathways arising in the substantia nigra and ventral tegmental area, the nigrostriatal projection plays a crucial role in sensorimotor coordination and initiation of movements (Albin et al., 1989; . Dopamine D1 receptors (D1Rs) and D2Rs account for the vast majority of dopamine receptors in the striatum (Gingrich and Caron, 1993) . Interestingly, although D1R-deficient mice exhibit normal coordination and mild hyperlocomotion (Drago et al., 1994; Xu et al., 1994) , D2R-deficient mice present a phenotype that strikingly resembles the extrapyramidal symptoms of Parkinson's disease (Baik et al., 1995) .
The striatum also receives extensive glutamatergic projections from the cerebral cortex . Morphological studies have shown a close association between glutamatergic and dopaminergic inputs (Smith and Bolam, 1990; Seasack et al., 1994) . A functional link has been postulated between dopamine and excitatory amino acids in the striatum on the basis of behavioral studies performed on animal models of Parkinson's disease (Starr, 1995) . In dopamine-depleted animals, glutamate receptor antagonists reverse akinesia and facilitate locomotion (Starr, 1995) . Furthermore, high-frequency stimulation of corticostriatal glutamatergic fibers induces a long-term depression (LTD) of EPSPs recorded from striatal spiny neurons (Calabresi et al., 1992a; Lovinger et al., 1993; Walsh, 1993) . This phenomenon might represent a cellular substrate for motor learning (Calabresi et al., 1996a) . Although NMDA receptors are not involved in striatal LTD, a rise in intracellular calcium in the postsynaptic neuron seems to be the initial step for the induction of this phenomenon. Accordingly, striatal LTD is blocked either by intracellular application of calcium chelators (Calabresi et al., 1994 (Calabresi et al., , 1996b or by chronic lithium treatment (Calabresi et al., 1993b) .
Moreover, striatal LTD shares several characteristics with other forms of synaptic plasticity in the brain (Ito, 1989; Linden and Connor, 1995; Artola et al., 1996) , but the involvement of two transmitter systems (glutamate and dopamine) seems to be a unique feature of this event (Calabresi et al., 1996a) . Striatal LTD is blocked either by lesioning the nigrostriatal pathway or by pretreatment with either D1R or D2R antagonists (Calabresi et al., 1992a) . These manipulations, however, suffer from a relative lack of pharmacological specificity. Nigral lesions affect all the different dopaminergic receptors and also alter other neurotransmitter systems; in addition, dopamine receptor antagonists cannot discriminate among subtypes of the D1R and D2R subfamilies. Thus, D2R-deficient mice provide an unprecedented opportunity to evaluate, in a more selective manner, the roles of this receptor in dopamine-mediated neuronal function. Using these mice, we have investigated the functional interaction between glutamater-gic inputs and dopamine receptors in spiny striatal neurons by electrophysiological methods. Here we demonstrate that the D2R plays an essential role in the formation of striatal LTD and exerts a negative control in the expression of an NMDA-mediated longterm potentiation (LTP) at corticostriatal synapses.
MATERIALS AND METHODS
Animals were bred under standard animal housing conditions, in a 12 hr light/dark cycle. Food and water were available ad libitum. All experiments were conducted in conformity with the European Communities Council Directive of November 1986 (86/609/EEC).
The generation of D2R-null mice has been reported previously (Baik et al., 1995) . The knock-out and wild-type (WT) animals used in these experiments were obtained from the mating of heterozygous D2R-null mice. Experiments were performed blindly (without knowledge of the genotype of the slice). Corticostriatal slices were prepared as described previously (Calabresi et al., 1990 (Calabresi et al., , 1992a (Calabresi et al., ,b, 1993a (Calabresi et al., ,b, 1994 . Briefly, coronal sections (200 -300 m) were obtained using a vibratome; those including the neostriatum and the neocortex were used. A single slice was transferred to a recording chamber (0.5 ml volume) and submerged in a continuously flowing Krebs solution (126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 11 mM glucose, 25 mM NaHCO 3 ) (35°C, 2-3 ml/min) gassed with a 95% O 2 /5% CO 2 mixture. In some experiments external magnesium was omitted. Intracellular recording electrodes were filled with 2 M KCl (30 -60 mOhm), and extracellular electrodes were filled with 2 M NaCl (5-10 mOhm). Signals were recorded with the use of an Axoclamp 2-A amplifier, displayed on an oscilloscope, and stored in a digital system. For synaptic stimulation, bipolar electrodes were used. The stimulating electrode was located either in the cortical areas close to the recording electrode (0.5-3.0 mm) or in the white matter between the cortex and the striatum. As conditioning tetanus, we used three trains (3 sec duration, 100 Hz frequency, at 20 sec intervals). The duration of each individual pulse was 0.01-0.3 msec, and the intensity was 3-10 V. Under control condition, the frequency of stimulation was 0.1-0.05 Hz. During tetanic stimulation, the intensity was increased to generate a single action potential during the EPSP in the intracellular experiments and to levels producing the maximal field potential in the extracellular experiments (approximately twice the test intensity). The field potential amplitude was defined as the average of the amplitude from the peak of the early positivity to the peak negativity, and the amplitude from peak negativity to peak late positivity. Quantitative data on post-tetanic modifications are expressed as a percentage of the controls, the latter representing the mean of responses recorded during a stable period (15-30 min) before tetanic stimulation. Values given in the text and in the figures are mean Ϯ SEM of changes in the respective cell populations. Student's t test was used to compare the means. acid (APV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were purchased from Tocris, L-sulpiride from Ravizza, LY17555 from RBI (Natick, MA), and SCH 23390 from Schering-Plough. All other reagents were purchased from Sigma (St. Louis, MO).
RESULTS

Electrophysiological properties of striatal neurons in WT and D2R-null mice
Electrophysiological experiments were conducted on corticostriatal slices obtained from homozygous D2R-deficient and WT mice. Intracellular recordings showed that intrinsic membrane properties of striatal neurons were similar in the two groups and closely resembled the electrical activity described previously for rat striatal spiny neurons (Kita et al., 1984; Calabresi et al., 1990 Calabresi et al., , 1993a Jiang and North, 1991) . Indeed, the average resting membrane potential was Ϫ86 Ϯ 3 mV (n ϭ 53) in D2R-null mice and Ϫ85 Ϯ 3 mV (n ϭ 55) in WT animals. In both groups neurons were silent at rest. The injection of positive current (0.5-1.0 nA) through the recording pipette induced a tonic firing discharge ( Fig. 1 A) in both groups.
Voltage-clamped neurons, at membrane potentials close to the resting level (Ϫ85 mV), from D2R-deficient and WT mice displayed similar responses to voltage steps (0.5-3.0 sec duration) of increasing amplitude, shifting the membrane in depolarizing and hyperpolarizing directions (from Ϫ115 to Ϫ55 mV) ( Fig. 1 A) . Membrane rectification was present in both groups (Kita et al., 1984; Calabresi et al., 1990 Calabresi et al., , 1993a Jiang and North, 1991) . The corticostriatal transmission in D2R-null and WT mice has pharmacological characteristics similar to those in rat. In both systems, AMPA glutamate receptors mediate the cortically evoked EPSPs (Cherubini et al., 1988; Jiang and North, 1991; Calabresi et al., 1992b Calabresi et al., , 1996a . Indeed, in both animal groups, the subthreshold EPSPs that were recorded (intracellularly recorded after a single cortical activation) were not affected by 50 M APV, an NMDA glutamate receptor antagonist ( Fig. 1 B, a,b) . Conversely, EPSPs were almost completely abolished by coadministration of 50 M APV plus 10 M CNQX, an AMPA glutamate receptor antagonist ( Fig. 1 B, a,b) (WT, n ϭ 6; D2R-null, n ϭ 6). In the absence of external magnesium, the EPSP amplitude increased, unmasking an APV-sensitive component that was similar in both WT and D2R-null mice. Indeed, under this condition the coadministration of APV plus CNQX was required to block the EPSP (Fig. 1 B, c,d ) (WT, n ϭ 6; D2R-null, n ϭ 6). In magnesium-free medium, the half-decay time of the EPSP increased similarly in both groups (control WT ϭ 20 Ϯ 3 msec, n ϭ 40; control D2R-null ϭ 20 Ϯ 4 msec, n ϭ 35; magnesium-free WT ϭ 42 Ϯ 4 msec, n ϭ 26; magnesium-free D2R-null ϭ 41 Ϯ 4 msec, n ϭ 28).
High-frequency stimulation in WT and D2R-null mice
Strikingly, differences were observed between D2R-null mice and WT animals in response to tetanic activation of cortical fibers. Slices obtained from WT animals showed a significant LTD in most of the extracellular experiments (11 of 14) and in all the intracellular experiments (n ϭ 11) (Fig. 2) . In the remaining three recordings the tetanus did not cause a persistent depression of field potentials. Actually, in one case a transient depression (10 min) was observed, whereas in the two other experiments a small LTP (ϩ14 and ϩ16%) was observed. These results are consistent with previous observations: repetitive activation of cortical fibers induces LTD at corticostriatal synapses (Calabresi et al., 1992a (Calabresi et al., , 1993b (Calabresi et al., , 1996a Lovinger et al., 1993; Walsh, 1993) . In contrast, tetanic stimulation of striatal slices from D2R-null mice produced LTP of corticostriatal synaptic transmission in all of the extracellular experiments (n ϭ 12), as well as in the intracellular recordings (n ϭ 9) (Fig. 2) . LTP observed in D2R-null mice and LTD recorded from WT animals were not coupled with significant changes of the postsynaptic membrane properties of the recorded neurons.
We have measured the amplitude, the half-decay time, and the duration of the membrane depolarizations induced by tetanic stimulation in WT and D2R-null mice to investigate whether differential characteristics of these events could explain the different forms of synaptic plasticity observed in the two groups. These parameters did not significantly differ in the two classes of animals. The amplitude was 39 Ϯ 5 mV (n ϭ 11) in WT animals and 38 Ϯ 5 mV (n ϭ 9) in D2R-null mice ( p Ͼ 0.05). The half-decay time was 3 Ϯ 0.3 sec (n ϭ 11) in WT mice and 2.9 Ϯ 0.4 sec (n ϭ 9) in D2R-null animals ( p Ͼ 0.05). The duration was 7.9 Ϯ 2 sec (n ϭ 11) in WT mice and 8 Ϯ 3 sec (n ϭ 9) in D2R-null animals ( p Ͼ 0.05).
APV on synaptic plasticity in WT and D2R-null mice
Two forms of LTP have been described in the hippocampus, the first dependent on and the second independent of NMDA receptor activation (for reviews, see Bliss and Collingridge, 1993; . The first is observed in the CA1 region of the hippocampus and the second at mossy fiber synapses. To investigate whether striatal LTP recorded from D2R-null mice required activation of NMDA receptors, we preincubated the slices in 50 M APV 10 min before tetanic stimulation.
Although in physiological concentrations of magnesium this NMDA receptor antagonist did not affect the EPSP amplitude evoked by a single stimulation recorded from D2R-null mice (Fig.  1 B) , it reversibly prevented the formation of LTP in both extracellular (Fig. 3A) (n ϭ 13) and intracellular experiments (n ϭ 4; data not shown). In contrast, LTD observed in WT mice was not affected by APV (Fig. 3A) (n ϭ 9). This finding is in agreement with previous observations showing that striatal LTD is not dependent on NMDA glutamate receptors (Calabresi et al., 1992a (Calabresi et al., , 1996a Lovinger et al., 1993; Walsh, 1993) .
Postsynaptic responses to NMDA in WT and D2R-null mice
We also investigated whether the absence of D2Rs in mutant mice might affect the response to exogenously applied NMDA. Similar dose-response curves to NMDA application were observed in both groups (Fig. 3B) (WT, n ϭ 5; D2R-null, n ϭ 6), suggesting that the postsynaptic sensitivity to NMDA is not altered in D2R-null mice.
Repetitive low-frequency stimulation in WT and D2R-null mice
An NMDA-dependent LTD induced by repetitive low frequency stimulation has been described in the area CA1 of the hippocampus (Mulkey and Malenka, 1992; Malenka, 1994) . Given the involvement of NMDA receptors in LTP observed in slices from D2R-null mice, we tested whether a low-frequency stimulation induced long-term changes in synaptic efficacy. Repetitive (15 min) low-frequency stimulation (1 Hz) caused only a transient (5-10 min) depression of the intracellularly recorded EPSP amplitude in both WT (Ϫ26 Ϯ 5%; n ϭ 5) and D2R-null mice (Ϫ27 Ϯ 6%; n ϭ 5), but failed to determine long-term effects (data not shown). In WT mice even in the presence of either L-sulpiride (1 M; n ϭ 4), a D2R antagonist, or LY 17555 (3 M; n ϭ 4), a D2R agonist, this stimulation protocol produced only a short-term depression of EPSP amplitude. In addition, these drugs affected neither the control EPSP nor the intrinsic membrane properties of the recorded neurons (data not shown).
SCH 23390 on synaptic plasticity in WT and D2R-null mice
D1Rs have also been involved in the formation of striatal LTD (Calabresi et al., 1992a (Calabresi et al., , 1996a . Therefore, in some intracellular experiments we also tested the effect of 3 M SCH 23390, a D1R antagonist, on the induction of both LTD in WT mice and LTP in D2R-null mice. This antagonist blocked the formation of LTD in WT animals (n ϭ 4), but it did not alter the LTP measured in D2R-null mice (n ϭ 5), suggesting that D1Rs do not play a major role in LTP observed in mutant mice (Fig. 4 A) .
L-sulpiride on synaptic plasticity in WT mice
In the presence of 1 M L-sulpiride, tetanic stimulation failed to induce LTD in WT mice. Under this condition, a significant synaptic potentiation was observed immediately after the tetanus. This potentiation lasted only 10 -20 min in both extracellular (Fig. 4 B) (n ϭ 5) and intracellular (n ϭ 10; data not shown) recordings. After the washout of L-sulpiride, tetanic stimulation induced LTD (Fig. 4 B) (n ϭ 8). These findings indicate that the acute blockade of D2Rs prevents the generation of LTD but is not sufficient to cause striatal LTP.
L-sulpiride and LY 17555 on LTP in a magnesium-free medium
Interestingly, in magnesium-free medium, a condition that discloses an NMDA component of the EPSP, tetanic stimulation of corticostriatal fibers induces an APV-sensitive LTP in rats (Calabresi et al., 1992b) . To further confirm the modulatory role of D2Rs on this NMDA-dependent LTP, we analyzed during intracellular experiments the synaptic plasticity in the absence of external magnesium. In slices obtained from WT mice, tetanic stimulation induced LTP (Fig. 5A ) (n ϭ 11), which was prevented by 50 M APV (n ϭ 4; data not shown). This LTP was significantly ( p Ͻ 0.001) increased by preincubation of the slices in 1 M (Fig. 5A) (n ϭ 7) , whereas it was blocked by application of 3 M LY 17555. In the presence of this D2R agonist, an LTD was revealed (Fig. 5A) (n ϭ 7) . These findings indicate that in WT animals, activation of D2Rs normally exerts a negative control on the formation of the NMDA-dependent LTP. In D2R-null mice, tetanic stimulation in the absence of magnesium produced an LTP that was significantly (Fig. 5B ) (n ϭ 10; p Ͻ 0.001) larger than the one recorded from WT mice in the same experimental condition. LTP recorded from D2R-null mice in magnesium-free conditions closely resembled the potentiation observed in WT mice in the absence of magnesium and in the presence of L-sulpiride, thus confirming the modulatory role of D2Rs on the NMDA-dependent LTP. Accordingly, when magnesium was omitted, the LTP observed in D2R-null mice was not affected by either 1 M L-sulpiride ( Fig. 5B ) (n ϭ 8) or 3 M LY 17555 (Fig. 5B ) (n ϭ 9). We have also measured the amplitude, half-decay time, and duration of the membrane depolarizations induced by tetanic stimulation in WT and D2R-null mice in the absence of external magnesium. The amplitude was 43 Ϯ 4 mV (n ϭ 11) in WT animals and 44 Ϯ 5 mV (n ϭ 10) in D2R-null mice ( p Ͼ 0.05). The half-decay time was 3.5 Ϯ 0.3 sec (n ϭ 11) in WT mice and 3.6 Ϯ 0.4 sec (n ϭ 10) in D2R-null animals ( p Ͼ 0.05). The duration was 12.7 Ϯ 3 sec (n ϭ 11) in WT mice and 12.5 Ϯ 4 sec (n ϭ 10) in D2R-null animals ( p Ͼ 0.05).
DISCUSSION
Main findings
This study represents the first functional demonstration of a close interaction between D2Rs and glutamate-mediated synaptic plasticity in the striatum. We show that in D2R-null mice, highfrequency stimulation of corticostriatal fibers induces an NMDAdependent LTP instead of LTD, as in WT animals. Moreover, we also demonstrate that D2Rs exert a negative control on the LTP observed in WT slices when magnesium is omitted from the external medium (Calabresi et al., 1992a) . Indeed, under this condition, in WT slices L-sulpiride enhanced the amplitude of LTP, whereas LY 17555 reversed this phenomenon into LTD. Interestingly, in D2R-null slices the effects of both L-sulpiride and LY 17555 were lost, and the amplitude of LTP in magnesium-free medium was significantly larger than that measured from WT slices in the same experimental condition. These findings strengthen the idea that dopamine plays a crucial function in the formation of striatal LTD. We have shown previously that (1) both D1Rs and D2Rs are required for striatal LTD formation (Calabresi et al., 1992a (Calabresi et al., , 1996a and (2) endogenous dopamine release is increased immediately after the induction of striatal LTD (Calabresi et al., 1995) . The present study, however, suggests that D2Rs play a pivotal role in controlling the direction of striatal synaptic plasticity.
D2R-null mice present a parkinsonian-like phenotype (Baik et al., 1995) , which is not dictated by changes in the intrinsic membrane properties and synaptic strength of striatal cells; we show that these parameters are unaltered in these mice. This is in agreement with previous studies (Calabresi et al., 1987 (Calabresi et al., , 1993a . We suggest that the D2R-null mice phenotype is induced by loss of D2R-mediated control on high-frequency activation of glutamatergic inputs. This loss might cause a profound shift in the direction of long-term excitability at corticostriatal synapses (the appearance of NMDA-dependent LTP instead of LTD).
Possible mechanisms underlying the emergence of LTP in D2R-null mice
Pre-and postsynaptic mechanisms might be implicated in the generation of LTP in D2R-null mice. Presynaptic D2-like dopamine receptors inhibit the release of glutamate from corticostriatal terminals (Maura et al., 1988) . The absence of these inhibitory presynaptic receptors in D2R-null mice might augment the release of glutamate and favor the emergence of LTP instead of LTD. This hypothesis, however, is unlikely, because WT and D2R-null mice had corticostriatal EPSPs of similar amplitude both in normal conditions and in the absence of magnesium. Moreover, the incubation of WT slices either in L-sulpiride or in LY 17555 did not alter the EPSP amplitude, suggesting that, at least in our experimental conditions, D2Rs located on corticostriatal terminals do not play a significant function in the regulation of glutamate release in the striatum.
In WT mice, tetanic stimulation in the presence of L-sulpiride caused only a transient potentiation of excitatory transmission, but not LTP. Thus, acute blockade of D2-like receptors is not sufficient to produce this form of synaptic plasticity. Possibly a long-term antagonism of these receptors or very selective D2R antagonists are required to cause LTP. Alternatively, LTP might result from adaptative changes occurring in D2R-null mice. Postsynaptic changes in glutamate receptor function, such as increased expression of NMDA receptors or abnormal distribution or rearrangement of different subunits, might also occur in D2R-null mice. Dopamine deafferentation enhances the levels of NMDA-sensitive binding in the striatum and increases striatal NMDAR1 subunit mRNA levels (Tremblay et al., 1995) . Increased expression of striatal NMDA receptors in Parkinson's disease patients has also been reported (Ulas et al., 1994) . In D2R-null mice, however, we did not detect significant differences in the postsynaptic sensitivity to exogenous NMDA or in the NMDA-component of the EPSP evoked by a single stimulus. In contrast, Cepeda et al. (1993) showed that activation of D2-like receptors attenuates NMDA responses in striatum. Although at present there is no explanation for this discrepancy, one possibility could be the different experimental model and conditions used.
If D2R-null mice were to express altered striatal NMDA receptors, we should assume that this abnormality is revealed only in particular conditions, such as high-frequency activation of corticostriatal fibers. We can speculate that under this condition endogenous glutamate selectively activates postsynaptic NMDA receptors on dendritic spines. This location might be particularly important for the postsynaptic cross-talk between D2Rs and NMDA receptors. Nevertheless, similar membrane depolarization characteristics induced by tetanic stimulation (in physiological medium and in absence of external magnesium) were exhibited by WT and D2R-null neurons, making this possibility unlikely. Alternatively, lack of D2Rs might not alter NMDA receptors per se, but it rather affects the physiological events after the activation of glutamate receptors. In fact, postsynaptic D2Rs might exert a negative control on the mechanisms activated by sustained stimulation of NMDA receptors.
Activation of D2Rs inhibits calcium currents in isolated spiny striatal neurons (Surmeier et al., 1996) but also influences inositol-1,4,5-trisphosphate (IP3) production (Clapham, 1995) . Interestingly, in pituitary cells, activation of D2Rs inhibits calcium release through the inhibition of IP3 levels (Vallar and Meldolesi, 1989) . Because a rise of intracellular calcium concentration is a critical factor in the generation of synaptic plasticity in striatum (Calabresi et al., 1996b) as well as in other brain areas (Malenka et al., 1988; Artola et al., 1996; Neveu and Zucker, 1996) , the possible contribution of this D2R-regulated pathway in the formation of striatal NMDA-dependent LTP needs to be investigated further. In addition, activation of D2-like receptors opens potassium channels in a subset of striatal neurons, which might also contribute to the expression of synaptic plasticity in this structure (Greif et al., 1995) .
Dopamine in hippocampal synaptic plasticity
Because the hippocampus and the mesolimbic dopaminergic system have been implicated in the reinforcement of learning and reward mechanisms (Wise, 1996) , a growing line of research has been centered on investigation of the role of dopamine in hippocampal synaptic plasticity. Indeed, activation of D1-like receptors enhances LTD of synaptic transmission induced by lowfrequency stimulation in rat hippocampal CA1 neurons (Chen et al., 1995) . Similarly, blockade of either D2-or D1-like receptors decreases the magnitude of late phases of LTP, which seems to involve cAMP-dependent mechanisms (Frey et al., 1990 (Frey et al., , 1991 (Frey et al., , 1993 . Slices perfusion with high concentrations of D1-like agonists without any tetanus can itself mimic the late phases of LTP; this effect is blocked by inhibitors of protein synthesis (Huang and Kandel, 1995) . Interestingly, D1R / D5R activation produces a synapse-specific enhancement of early LTP through the increase of intracellular cAMP (Otmakhova and Lisman, 1996) . Together these data suggest the involvement of different dopaminedependent mechanisms in the control of synaptic plasticity in various brain areas.
Functional implications
LTP is regarded as the primary experimental model for investigating the synaptic basis of learning and memory in vertebrates (Bliss and Collingridge, 1993; Malenka, 1994; Artola et al., 1996) . The emergence of LTP in striatal neurons in a D2R-deficient background might seem to be a paradox. Nevertheless, striatal spiny neurons are GABAergic cells inhibiting the activity of substantia nigra reticulata and globus pallidus neurons Graybiel, 1990) . Thus, a long-term enhancement of striatal excitability would result in increased inhibitory influence on the basal ganglia activity. In contrast, the striatal LTD observed in physiological conditions has the opposite effect. Interestingly, LTD of synaptic transmission plays a crucial role in the cerebellum, a structure also involved in motor control (Ito, 1989; Linden, 1994; Linden and Connor, 1995) . In addition to movement control (Schultz and Romo, 1988; , the striatum is also involved in motor skills storage (Seitz et al., 1990; Cummings, 1993) , learning processes (Whinshaw et al., 1987; McDonald and White, 1994) , and reward (Apicella et al., 1991) .
